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The  objectives  of  this  study  were  to  document  by  light 
and  electron  microscopy  the  events  leading  to  the  successful 
establishment  of  an  associative  symbiosis  of  Azospirillum  brasi- 
lense  Sp  7 with  the  roots  of  a grass  host  under  axenic  conditions 
and  to  define  physiological  and  biochemical  interactions  of  the 
association  suggested  by  the  ul trastructural  studies. 

The  association  between  grass  roots  and  Azospirillum 
brasilense  Sp  7 was  investigated  by  the  Fatiraeus  glass  slide 
technique  for  axenic  plant  culture.  Young  inoculated  roots  of 
pearl  millet  and  guinea  grass  produced  more  mucigel,  more  root 
hairs  and  more  lateral  roots  than  did  the  uninoculated  controls. 
Within  12  h after  inoculation  cells  of  A.  brasilense  Sp  7 were 
embedded  in  the  mucigel  at  the  root  cap  and  along  the  root  axis. 
The  bacteria  were  also  firmly  adsorbed  to  root  hairs  and  epider- 
mal cells  but  supplementing  the  medium  with  combined  nitrogen 
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reduced  the  adherence  to  root  hairs.  Preincubation  in  root  exudate 
enhanced  ability  of  the  bacteria  to  attach  firmly  to  root  surfaces. 
The  active  root  exudate  factor  is  non-dialyzable  and  is  inactivated 
by  protease. 

Examination  of  the  grass  rhizosphere  by  electron  micros- 
copy revealed  azospirilla  enclosed  within  a slime  layer  with  high 
affinity  for  electron  dense  materials  normally  associated  with  the 
host  root  cell  wall.  The  bacteria  entered  the  root  tissue  through 
lysed  root  hairs,  open  spaces  created  by  sloughing  of  epidermal 
cells  and  lateral  root  emergence,  and  afterv/ard  invaded  the  middle 
lamellae  of  underlying  cortical  tissue.  Colonization  remained 
intercellular  as  long  as  the  adjacent  host  cells  were  alive.  Clear 
zones  suggesting  hydrolytic  activity  followed  the  contour  of  the 
bacterial  cells  in  the  middle  lamellae.  Pectin  lyase  and  endo- 
polygal acturonase  activities  were  detected  in  pure  cultures  grown 
with  purified  pectin.  This  study  shows  that  Azospi.r'lZZum  brasiZense 
Sp  7 is  capable  of  limited  intercellular  infection  of  the  roots 
of  certain  grasses. 
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INTRODUCTION 


Potential  nitrogenase  activity  has  been  reported  in 
grass  roots  and  grass  rhizosphere  soil  of  tropical  and  subtropical 
grass  land  and  cultivated  fields  (Neyra  and  Dobereiner,  1977).  The 
reported  nitrogen  fixation  may  be  due  to  AzospiriZZum  spp.  How- 
ever, the  exact  nature  of  the  effect  of  this  bacterium  on  the  growth 
of  grasses  is  not  yet  established. 

Unlike  the  Rhizobium- legume  symbiosis,  AzospiriZZum-grass 
association  does  not  produce  visible  structures  in  the  roots  which 
indicate  successful  infection.  Studies  on  sugar  cane  and  PaspaZum 
notatum  suggest  that  the  majority  of  the  Infixing  organisms  are 
closely  associated  with  root  surfaces  and  are  probably  within  the 
mucigel  layer  (Dobereiner  et  al.,  1972b).  Only  light  microscope 
evidence  for  the  physical  presence  of  AzospiriZZum  on  root  tissues 
of  plants  has  been  presented.  AzospiriZZum  has  been  reported  to  be 
detected  in  cortical  tissues  of  Digi taria  (Dobereiner  and  Day,  1974), 
in  cortical  and  stelar  cells  of  maize  (Patriquin  and  Dobereiner, 

1977;  Patriquin  et  al.,  1978;  Scott  et  al.,  1977),  and  in  root 
hairs,  epidermis  and  xylem  vessels  of  sand  grown  plants  (Lakshmi 
et  al.,  1977). 


1/  AzospiriZZum  refers  to  the  free  living  No- fixing 
bacterium  that  was  formerly  identified  by  Dobereiner  and  Day  (1974) 
as  SpiriZZwn  Zipoferum  based  on  Bergey's  manual  (1957)  and  on  the 
original  description  by  Beijerinck  (1925).  However,  this  manuscript 
will  adopt  the  more  recent  genus  description,  AzospiriZZum  as 
proposed  by  Tarrand  et  al.  (1978),  except  on  reports  cited  in  the 
previous  literature. 
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Microbial  colonization  of  root  surfaces  of  field  grown 
sand  dune  grasses  was  reported  by  Old  and  Nicholson  (1975)  and  of 
wheat  root  surfaces  by  Foster  and  Rovira  (1973).  No  investigation 
has  yet  been  carried  out  under  controlled  experimental  conditions 
to  demonstrate  the  sequence  of  events  of  bacterial  infection  of 
young  grass  roots.  Studies  on  the  ul trastructure  of  the  infection 
process  of  legumes  by  Rhizobium  have  been  successful  in  complement- 
ing physiological  studies  of  legume  infection.  It  seemed  reason- 
able to  apply  the  same  approach  in  studying  the  establishment  of 
the  grass-bacteria  associations. 

The  potential  application  of  new  Infixing  systems  in 
agronomic  practice  as  exemplified  by  the  grass-bacteria  association 
is  well  recognized  (Hubbell,  1976).  This  investigation  was, 
therefore,  initiated  to  present  a detailed  account  of  root  colo- 
nization, root  adherence,  and  infection  events  in  the  grass- 
Azo spirillum  association  as  revealed  by  microscopic  techniques  and 
to  study  the  physiological  and  biochemical  interactions  of  this 
association  suggested  by  the  studies. 
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REVIEW  OF  LITERATURE 


In  1972  Dobereiner  and  coworkers  (Dobereiner  et  al . 

1972a)  identified  an  association  of  Azotobactev  with  Paspalum 

notation  and  calculated  that  this  association  could  fix  90  kg 

N/ha/yr.  However,  Kass  et  al . (1971),  after  a test  with  diploid 

and  tetraploid  varieties  of  P.  notation , indicated  that  successful 

establishment  of  A.  paspali  in  the  rhizosphere  of  P.  notatum  grown 

in  sand  occurred  only  with  tetraploid  varieties,  and  when  the  soil 

was  amended  with  glucose  at  the  time  of  inoculation.  Dobereiner 

et  al.  (1972b)  reported  considerable  nitrogenase  activity  in  the 

roots  of  sugar  cane  as  well  as  between  the  rows.  Labelled  nitrogen 
1 5 

( N2)  tracer  experiments  of  sugar  cane  seedlings  grown  in  soil  gave 

direct  evidence  of  nitrogen  fixation  associated  with  the  roots. 
Variations  in  both  the  dry  weight  and  nitrogen  content  among  the 
sugar  cane  varieties  as  well  as  among  the  individual  plants  of  the 
same  variety  were  noted  (Ruschel  et  al.,  1975). 

The  rice  rhizosphere  is  also  reported  to  fix  an  appreciable 
amount  of  nitrogen.  Yoshida  and  Ancajas  (1971,  1973)  have  demons- 
trated that  nitrogen  fixing  activities  take  place  in  the  root  zones 
of  rice  plants  and  in  the  paddy  soil. 

Genotypic  differences  has  been  demonstrated  in  several 
tropical  grasses  using  the  excised  root  assay  (Dobereiner  and  Day, 
1974;  Day  et  al.,  1975;  Dobereiner  and  Day,  1975;  Bulow  and 
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Dobereiner,  1975).  De-Pol  1 i et  al.  ( 1977)  demonstrated  nitrogen 
fixation  in  two  tropical  grasses,  Paspalum  and  Digitaria,  by 
incorporati on. 

Another  f^-fixing  bacterium  (unidentified)  was  charac- 
terized by  Barber  et  al . (1976)  from  roots  of  Digitaria  sanguinalis . 

Roots  of  winter  wheat  ( Triticum ) and  sorohum  (Sorghum) 
have  been  reported  to  harbor  members  of  Enterobacteriaceae , Kleb- 
siella pneumoniae , Enterobaoter  cloacae } and  Erwinia  herbicola, 
which  fix  N2  in  vitro  (Pedersen  et  al . , 1978). 

A summary  of  reported  rates  of  acetylene  reduction  and 
^-fixation  with  the  "associative  systems"  was  prepared  by  Evans 
and  Barber  (1977)  and  Neyra  et  al.  (1977).  Nevra  et  al.  (1977) 
indicated  that  the  most  common  encountered  bacterial  species  was 
Azospirillum.  Balandreau  and  Villemin  (1973)  and  Dobereiner  et 
al.  (1972a)  pointed  out  that  these  grass  species  possess  the 
di carboxylic  acid  photosynthetic  pathway.  Rice  (Oryza)  was  noted 
as  an  exception  to  tin's  general  observation. 

Brown  (1972)  and  Barea  and  Brown  (1974)  suggested  that 
the  growth  responses  of  several  plants  inoculated  with  Azotobacter 
paspali  were  due  to  the  synthesis  of  plant  growth  regulating 
substances  by  the  soil  organisms.  Indole-3-acetic  acid,  three 
gibberellins  and  two  cytokinins  were  detected  in  the  culture 
filtrates  of  this  organism. 
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The  Organsim 

Azospirillum  has  been  consistently  isolated  from  soil 
samples  collected  throughout  Germany  (Beijerinck,  1925).  Soil 
samples  from  tropical  countries  of  Africa  (Becking,  1963)  and 
Brazil  (Dobereiner  et  al.,  1976;  Bulow  and  Dobereiner,  1975)  showed 
the  same  trend. 

The  N2-fixing  organism  which  Day  and  Dobereiner  (1974) 
isolated  from  D.  deoumbens  cv.  'Transvala'  was  identified  as 
Spirillum  lipoferum.  This  identification  was  based  on  the  des- 
cription of  this  organism  by  Beijerinck  as  reported  in  Bergey's 
manual  (1957). 

In  1976,  Dobereiner  and  coworkers  studied  the  ecological 
distribution  of  Azospirillum  and  indicated  that  its  occurrence  was 
very  much  influenced  by  vegetation.  It  is  isolated  in  lowest 
frequency  in  tropical  virgin  forest.  Azospirillum  could  be  isolated 
from  soils  with  a pH  range  of  4.0  - 5.2. 

The  physiology  and  growth  requirements  of  Azospirillum 
in  pure  culture  have  been  well  defined  by  several  investigators 
(Dobereiner  and  Day,  1975;  Okon  et  al.,  1976a,  b;  1977;  Sampaio 
et  al. , 1978). 

A.  brasilense  grew  well  and  fixed  N2  under  microaerophilic 
conditions  with  malate,  succinate,  lactate  and  pyruvate  as  carbon 
sources.  Its  doubling  time  when  supplied  with  NH4+  was  1 h at 
p02  = 0.005  - 0.007  atm.  When  grown  on  N2,  the  levels  of  poly- 
B_ hydroxybutyrate  and  B-hydroxybutyrate  dehydrogenase  increased 
(Okon  et  al . , 1976a).  The  optimal  p02  for  acetylene  reduction  in 
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stagnant  cultures  was  0.006  - 0.002  atm.  depending  upon  the  cell 
density  (Okon  et  al,,  1976a). 

Tyler  et  al.  (1977)  and  Krieg  (1977)  studied  the  DNA 
homology  of  the  different  isolates  from  tropical  and  subtropical 
countries.  The  guanosi ne/cytosine  ratio  in  these  isolates  were 
higher  by  5%  than  the  Spirillum  lipoferum  identified  by  Beijerinck 
(1925)  and  reported  in  Bergey's  manual  (1957)  and  were  intermediate 
between  Pseudomonas  and  Spirillum  (Tyler  et  al.,  1977).  Based 
on  the  DNA  homology  series  and  physiological  and  growth  require- 
ments, it  was  proposed  that  the  generic  name  of  Spirillum  be  changed 
to  Azospirillum.  Azospirillum  was  divided  into  two  groups  differing 
in  their  requirements  for  glucose  and  vitamins  and  in  DNA  homology 
(Tarrand  et  al.,  1978).  Cells  of  group  II  strains  were  reported 
to  be  larger  and  more  pleomorphic  than  cells  in  group  I.  Group  I 
strains  utilize  NO^"  to  N2  (Okon  et  al.,  1976a;  Sampaio  et  al., 
1978).  The  ability  of  Azospirillum  to  reduce  NO3"  to  N2  was  con- 
sidered by  Neyra  et  al.  (1977)  to  be  very  useful  for  studying 
various  aspects  of  nitrogen  transformation  in  nature. 

Laboratory  and  Field  Studies 

. * - . 

Laboratory  and  field  studies  have  been  carried  out  to 
assess  the  N^-fixing  activity  of  Azo spirillum  in  several  places. 
Dobereiner  (1978)  considered  that  Azospirillum  was  most  responsible 
for  nitrogenase  activity  in  roots  of  Digitaria , Panieum , Zea, 
Tritieum  and  Sorghum  in  Brazil. 
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Nitrogen  fixation  was  reported  in  a temperate  maize- 
Spiri l hum  association  in  low  and  variable  amounts  (Sloger  and  Owens, 
1976).  However,  the  amount  of  N2  fixed  was  considered  to  be  suf- 
ficient for  appreciable  benefits  to  uncultivated  grasses  (Evans 
and  Barber,  1977). 

Greenhouse  experiments  conducted  by  Gaskins  et  al.  (1977) 
and  Subba-Rao  and  coworkers  (1978)  demonstrated  yield  differences 
following  inoculation. 

Field  inoculation  experiments  with  pearl  millet  (Penni- 
setum  americanum)  and  guinea  grass  ( Panicum  maximum ) showed  that  in 
3 out  of  4 years,  Azospirillum  inoculation  can  induce  significantly 
higher  dry  matter  yields  by  treated  plants  (Smith  et  al.,  1976; 
Bouton,  1977).  Further  inoculations  of  plants  grown  on  the  same 
sites  did  not  exhibit  marked  differences  in  yield  from  the  first 
experiment.  They  believed  that  lack  of  response  to  further  inocu- 
lations may  be  due  to  the  activity  of  the  surviving  Azospirillum 
as  evidenced  by  the  presence  of  the  bacteria  in  the  samples  studied 
by  immunofluorescence  (Schank  and  Smith,  pers.  comm.).  They  also 
have  observed  differences  in  response  among  other  species  and 
cultivars.  Gahi  3,  a pearl  millet  hybrid,  responded  significantly 
to  field  inoculation.  It  gave  32%  more  dry  weight  and  37%  more 
total  nitrogen  compared  to  killed  inoculum  controls  (Bouton,  1977). 
The  effect  of  genotype  on  response  to  inoculation  with  Azospirillum 
has  also  been  shown  for  maize  (Barber  et  al.,  1976;  Bulow  and 
Dobereiner,  1 975);  Paspahm  notation , Pennisetum  purpureum  and 
Tritioian  (Dobereiner  and  Day,  1975;  Smith  et  al.,  1977  pers.  comm.) 
and  for  Braohiaria  (Pereira  et  al.,  1977). 
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Physiology  of  Interaction 

Azospirillum  was  isolated  from  soils  having  a wide 
range  pH  4.8  - 7.2  (Dobereiner  et  a!.,  1976).  More  cells  occurred 
on  the  surface  of  the  roots  than  in  the  soil  where  the  plant  was 
growing.  The  fact  that  the  optimum  growth  of  Azospirillum  in  pure 
culture  requires  a pH  6.8  - 7.2  (Dobereiner  and  Day,  1976;  Okon 
et  al.,  1976a,  b)  suggests  that  the  plant  host  may  be  responsible 
for  maintaining  a favorable  pH  for  the  bacteria. 

Biological  nitrogen  fixation,  with  other  components  not 
limiting,  is  directly  related  to  the  amount  of  carbohydrate  avail- 
able to  and  utilizable  by  the  microorqanisms  as  energy  source 
(Graham  and  Halliday,  1977;  Hardy  and  Havelka,  1976;  Streeter  and 
Bosler,  1976;  Wheeler  and  Lawrie,  1976).  The  role  of  photosynthate 
in  root  exudate  on  growth  of  rhizosphere  microorganisms  has  been 
well  documented  as  reflected  in  the  review  of  Rovira  (1969)  and 
Schroth  and  Hildebrand  (1964).  Diurnal  variation  in  nitrogenase 
activity  was  observed  in  bahia  grass  ( Paspalum  notatwn ) and  sorghum 
( Sorghum  vulgare ) by  Dobereiner  and  Day  (1975),  in  guinea  grass 
{Panicum  maximum)  and  maize  ( Zea  mays ) in  contrast  to  rice  ( Oryza 
sativa)  which  did  not  exhibit  any  peak  at  night  (Balandreau  et  al., 
1974).  It  is  believed  that  Rial  ate  might  play  a role  in  the  supply 
of  energy  for  nitrogen  fixation,  rial  ate  being  a primary  product  of 
C4  photosynthesis  (Chollet  and  Ogren,  1975).  However,  seasonal 
changes  could  have  an  effect  on  the  population  of  Azospirillum 
in  plant  roots.  Scott  et  al.  (1977)  demonstrated  no  significant 
change  in  the  number  of  the  organisms  throughout  the  life  cycle  of 
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the  plant  during  summer  months  while  the  number  went  down  10  - 
100  fold  during  winter. 

The  stage  of  the  life  cycle  of  the  plant  has  some  effect 
on  the  variation  in  nitrogenase  activity.  In  field  grown  maize, 
two  peaks  of  nitrogenase  activity  were  observed;  the  first  v/as 
during  silk  emergence  and  the  second  was  at  the  start  of  grain 
filling  (Bulow  and  Dobereiner,  1975;  Neyra  et  al.,  1977).  Sorghum 
was  observed  to  have  maximal  nitrogenase  activity  at  flowering. 

In  all  cases  decline  of  nitrogenase  activity  was  observed  at  the 
grain  filling  stage. 

The  presence  of  Azospivillum  only  on  the  root  surface 
and  in  intercellular  spaces  of  guinea  grass  and  not  inside  the 
plant  cells  of  young  tissues  (Umal i-Garcia  et  al.,  1978)  suggests 
dependence  of  the  microorganisms  on  the  root  exudate  for  growth. 
Gaskins  (pers.  comm.),  by  careful  analyses  of  the  exudate  of 
several  grasses,  found  that  simple  and  complex  carbohydrates 
constitute  a major  portion  of  the  organic  compounds  of  the  root 
exudate.  Carboxylic  acids  and  their  derivatives  were  present  in 
very  small  amounts.  He  feels  that  if  Azospirillum  species  have 
to  depend  on  the  exudate,  the  scarcity  of  the  organic  acids  may 
limit  nitrogen  fixation  by  the  bacteria.  Azospivillum  has  been 
demonstrated  to  produce  IAA  and  other  plant  growth  regulating 
hormones  (Tien  et  al.,  1978).  The  production  of  growth  hormones 
by  Azospivillum  may  be  a factor  that  contributes  to  the  observed 
differences  in  yield  and  root  morphology  in  inoculation  studies. 

The  role  of  IAA  in  affecting  the  growth  of  roots  of  plants  has 
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been  demonstrated  in  the  studies  by  Brown  (1976)  and  Barea  and 
Brown  (1974). 

Increase  in  nitrogenase  activity  and  number  of 
Azospirillum  in  the  soil  treated  with  herbicide  Alachlor  and 
Atrazin  was  reported  by  flarriel  and  Cruz  (1977).  Nitrogenase 
activity  was  3 times  higher  with  Alachlor  and  2 times  with  Atrazin 
at  p = 0.01.  The  mechanism  of  action  of  these  herbicides  on  the 
plant  or  on  the  bacteria  is  not  known.  However,  it  should  be 
noted  that  these  have  an  indole  ring  in  their  structure  which 
might  be  metabolized  to  compounds  having  hormonal  activity. 

Nitrogen  fixation  in  the  grass-bacteria  system  has  been 
commonly  detected  by  measuring  acetylene  reduction  in  soil  cores 
and  excised  roots.  Amount  of  nitrogen  in  the  plant  samples  and  dry 
weight  are  usually  determined  using  intact  plants;  intact  plants 
are  frequently  used  in  the  nitrogenase  assay.  Correlation  of 
results  in  core  assays  and  preincubated  excised  root  assays  is  not 
firmly  established  as  valid  (Dobereiner,  1978)  although  a few 
reports  indicated  such  correlation  (Neyra  et  al.,  1977).  Nitro- 
genase activities  in  maize  and  sorghum  cores  under  tropical  and 
temperate  conditions  were  much  lower  and  did  not  correlate  with 
the  excised  root  assay  (Barber  et  al.,  1976;  Tjepkema  and  van 
Berkum,  1977).  Acetylene  reduction  as  a measure  of  nitrogen 
fixation  was  carefully  reviewed  and  evaluated  by  Gaskins  and 
Carter  (1976). 

Preincubation  at  low  pO^  overnight  prevents  the  lag 
usually  observed  in  acetylene  reduction  assay  period;  however, 
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this  usually  resulted  in  increased  number  of  bacteria.  A 30-fold 
increase  in  the  numbers  of  bacteria  in  maize  roots  when  incubated 

o 

at  30  C for  24  h at  low  oxygen  pressure  was  observed  by  Barber 
et  al.  (1976)  while  a 100-fold  increase  was  reported  by  Okon  et 
al.  (1976b).  It  is  not  yet  established  whether  the  AzospivilZum 
cells  localized  on  the  root  surface  or  inside  the  root  tissues 
contribute  to  nitrogenase  activity  (Neyra  and  Dobereiner,  1977). 

Combined  nitrogen  can  inhibit  nitrogenase  activity  of 
Azospivillum.  Neyra  et  al . (1977)  reported  that  lOmM  N03"  inhibits 
nitrogenase  activity  but  under  anaerobiosis  some  strains  could 
reduce  N03”  to  N2„  Denitrification  was  also  demonstrated  in  the 
field  (Eira,  1977). 

Heavy  nitrogen  fertilization  could  repress  nitrogen 
fixation  in  sorghum  and  maize  (Barber  et  al.,  1976),  Digitavia 
deoumbens  cv.  'Transvala'  (Abrantes  et  al.,  1975),  rice  seedlings 
(Balandreau  et  al.,  1975),  and  in  wheat  (Barber  et  al.,  1976); 

Nery  et  al.,  1977).  Nevertheless,  addition  of  a low  amount  of 
nitrogen  (40  kg  N/ha)  at  planting  time  enhanced  nitrogenase  activity 
in  maize  roots  (Neyra  et  al.,  1977),  30  - 40  kg  N/ha  enhanced 
activity  in  guinea  grass  and  pearl  millet  (Smith  and  Schank,  pers.  . 
comm.)  and  50  kg  N/ha  in  wheat  (Nery  et  al.,  1977;  Barber  et  al., 
1976).  However,  the  enhanced  nitrogenase  activity  indicated  by 
excised  root  assays  or  core  assays  has  not  been  shown  to  correlate 
with  assays  conducted  with  intact  plants.  It  is  believed  that 
biological  nitrogen  fixation  alone  may  not  satisfy  all  the  nitro- 
gen requirements  of  grasses  and  therefore,  studies  on  the 
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interaction  of  combined  nitrogen  and  biological  nitrogen  fixation 
and  assimilation  need  further  attention.  If  Azo spirillum  must 
depend  on  root  exudates  for  their  energy  supply,  it  may  be  necessary 
to  give  the  host  plants  a reasonable  amount  of  nitrogen  to  permit 
adequate  initial  growth. 

Infection  Studies 

The  presence  of  unidentified  bacteria  on  the  roots  of 
wheat  grown  in  sand  and  soil  mixture  under  laboratory  conditions 
was  studied  using  TEM  by  Rovira  and  Campbell  (1974).  They  claimed 
that  bacteria  were  more  abundant  near  root  hair  region  and  older 
roots  than  at  the  very  tip  of  the  root.  The  mucigel,  when  present, 
showed  numerous  adsorbed  bacteria. 

Scanning  (SEM)  and  transmission  (TEM)  electron  microscope 
were  used  by  Old  and  Nicholson  (1975)  to  study  the  microbial  invasion 
of  roots  of  3 species  of  sand  dune  grasses.  The  bacteria  gained 
entry  through  perforations  in  the  cell  walls  or  through  exposed 
middle  lamellae.  They  reported  that  the  cortical  cells  of  all  the 
3 species  examined  contained  vesicular-arbuscular  endophyte. 

Electron  microscopic  studies  of  the  wheat  rhizosphere  by 
Foster  and  Rovira  (1976)  revealed  sparse  colonization  of  the  young 
roots  but  considerable  colonization  in  the  outer  cortical  cells 
exposed  by  sloughing  and  cell  wall  surfaces  of  the  old  roots. 

There  is  light  microscope  evidence  of  the  physical 
presence  of  Azo spirillum  in  the  cortical  cells  of  Digitaria  deoumbens 
(Dobereiner  and  Day,  1974),  Zea  mays  (Bulow  and  Dobereiner,  1975; 
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Patriquin  and  Dobereiner,  1977)  and  in  Saccharum  officinarum 
(Patriquin  et  al . , 1978),  based  on  reduction  sites  in  the  cortex 
of  these  grasses  which  were  detected  following  staining  with 
Chloramine  T or  tetrazolium.  Lakshmi  et  al . (1977)  reported 
light  microscope  evidence  of  the  colonization  of  root  hairs, 
eoidermis  and  xylem  vessels  by  Azo spirillum.  A preliminary  study 
on  the  infection  of  Panicum  maximum  by  Azospirillum  brasilense 
Sp  1 using  TEM  in  axenic  cultures  was  conducted  by  Umali -Garcia 
et  al . (1978).  The  bacteria  entered  through  lysed  root  hairs  and 
breaks  at  point  of  lateral  root  emergence  and  subsequently  invaded 
the  underlying  cortical  cells.  The  bacteria  remained  intercellular 
in  the  living  cortical  tissues  of  the  root.  A presumptive  pectinase 
activity  of  Azospirillum  was  detected  in  pure  culture.  The  role 
of  pectinase  produced  by  Azospirillum  in  infection  of  grass  roots 
is  not  known. 

Serological  studies  of  Azospirillum  and  other  bacteria 
were  conducted  by  Dazzo  and  Milam  (1976).  They  found  that  the  age 
of  culture  has  an  effect  on  agglutination,  the  7-day  old  culture 
gave  the  best  titer.  Incubated  sterile  roots  of  guinea  grass  in 
goat  Anti- A zo spirillum  antiserum  revealed  a characteristic 
flourescence  which  suggested  that  guinea  grass  had  common  antigens 
with  that  of  Azospirillum. 


MATERIALS  AND  METHODS 


Bacteria  and  Culture  Methods 

Azo spirillum  brasilense  Sp  7 obtained  from  Dr.  J.  Doberei- 
ner  was  used  in  adsorption  and  infection  studies.  For  specificity 
studies  the  following  were  used:  Azospirillum  brasilense  strains 

Sp  1 3t  and  Sp  7 (isolated  by  J.  Dobereiner  from  Digitaria) ; JM 
125A2  (isolated  by  J.  Milam  from  Pennisetum) , Pseudomonas  fluoresaens } 
Klebsiella  pneumoniae 3 Azotobacter  vinelandii  UW10,  Escherichia  coli, 
(MSU  and  UF  laboratory  cultures),  and  Rhizobiwn  trifolii  0403 
(P.  Nutman).  R.  trifolii  0403  was  grown  in  yeast  extract  mannitol 
agar  (Fred  et  a!.,  1932)  while  the  others  were  grown  in  trypticase 
soy  (Difco)  broth  or  agar.  Pectin  broth,  which  was  prepared  by 
mixing  200  ml  autoclaved  purified  pectin  (Cooke  et  al.,  1976)  at 
3.0  g/1  to  800  ml  solution  containing  the  same  amount  of  minerals/ 
liter  described  by  Okon  et  al . (1976)  fortified  with  lg  NH4CI , 
was  used  as  the  growth  medium  when  the  filtrate  was  needed  for 
pectinase  activity  analysis. 

Growth  curves  were  obtained  by  growing  the  bacteria  in 
appropriate  media  in  a side  arm  flask  at  35°C,  and  measuring  the 
optical  density  at  wavelengths  that  gave  the  least  absorbance  for 
the  uninoculated  medium. 

Cells  were  harvested  and  washed  with  isotonic  buffer  and 
resuspended  to  a desired  concentration  before  being  used  as 
inocula. 
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The  morphology  of  Azospivillum  Sp  7 in  different  media  was 
studied  by  examining  Gram  stained  cells  under  the  light  microscope 
and  negatively  stained  cells  under  the  electron  microscope. 

For  negative  staining  of  the  bacteria  for  electron  micros- 
cope examination,  the  pelleted  cells  were  fixed  in  3%  glutaraldehyde 
for  1 h and  washed  successively  with  phosphate  buffer  saline  (Dazzo 
et  al.,  1976)  and  deionized  water.  Cells  were  dried  on  300  mesh 
Formvar-coated  grids  and  stained  with  phosphotungstic  acid  for  3 
minutes. 


Plant  Hosts 

Paniaum  maximum  285  (guinea  grass  strain  selection  by 
Dr.  Rex  Smith,  Department  of  Agronomy,  University  of  Florida)  and 
Pennisetum  amevioanum  cv.  Gahi  3 (pearl  millet  ) were  used  as 
plant  hosts.  Both  are  small  seeded  species  and  therefore  suitable 
for  axenic  culture  of  seedlings  on  glass  slide  assemblies  (Fahraeus, 
1957).  Both  have  responded  to  field  inoculation  (Smith  et  al., 

1976;  Bouton,  1977)  with  A.  bvasilense  Sp  13t. 

Plant-Bacterium  Interaction 

The  grass  seeds  were  surface  sterilized  in  95%  ethanol  for 
1 min  followed  by  2.6%  sodium  hypochlorite  for  20  min,  and  washed 
in  5-6  changes  of  sterile  deionized  water.  The  seeds  were  left 
overnight  in  the  last  change  of  water  and  the  procedure  repeated 
the  following  day.  The  seeds  were  then  placed  aseptically  on 
sterile  agar  plates  and  allowed  to  germinate  with  plates  inverted 
so  that  the  radicles  would  not  come  in  contact  with  any  solid 
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surface.  When  the  radicles  were  about  2 cm  long,  they  were 
carefully  transferred  to  autoclaved  Fahraeus  assemblies  (Fahraeus, 
1957).  In  some  experiments,  this  medium  was  supplemented  with 
5 mM  Ca(N03)2  or  KNO3.  The  slide  assemblies  were  incubated  for 
1 month  in  a growth  chamber  that  supplied  80%  of  full  sunlight, 

14  h photoperiod  at  35  -36°C. 

Aseptic  Collection  of  Root  Exudate 

Surface-sterilized  seeds  were  germinated  on  a layer  of 
water  agar  supported  by  a stainless  steel  wire  in  sterile  quart 
Mason  jars  containing  50  ml  of  Fahraeus  medium.  After  one  week  of 
incubation  (conditions  as  described  above)  the  sterile  root 
exudate  was  centrifuged  at  8000  x g for  15  min  and  then  passed 
through  a 0.40pm  filter  (Mi  11 i pore) . The  filtrate  was  either 
dialyzed  against  phosphate-buffered  saline  (Dazzo  et  al . , 1976), 
ul tracentri fuged , concentrated  by  dialysis  against  Fahraeus  medium 
containing  20%  polyethylene  glycol  or  incubated  at  22°C  for  12  h 
with  gentle  shaking  with  protease  i nsol ubi 1 i zed  on  carboxymethyl - 
cellulose  (Sigma  Chem.  Co.,  St.  Louis,  Mo.). 

Adsorption  Studies 

Two  separate  adsorption  experiments  were  conducted.  The 
first  was  to  test  the  effect  of  combined  N on  adsorption  of  A. 
brasilense  Sp  7 to  pearl  millet  roots;  the  second  was  to  determine 
whether  preincubating  the  cells  in  root  exudate  of  pearl  millet 
would  enhance  adsorption  of  bacteria  to  roots  of  the  grass  host. 

For  studying  the  effect  of  combined  N,  sterile  seedlings 
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were  grown  for  2 days  in  Fahraeus  assemblies  with  and  without 
N and  then  inoculated  with  cells  from  a 48  h old  culture.  For 
studying  the  effect  of  root  exudate,  the  inoculum  was  preincubated 
in  the  collected  root  exudate  solution  for  3 h,  rinsed  with  sterile 
Fahraeus  medium  and  resuspended  to  a common  optical  density  reading 
in  a ni trogen-free  medium.  The  inoculated  seedlings  were  incubated 
with  gentle  shaking  for  10  - 30  min  in  sterile  beakers  after  which 
the  roots  were  rinsed  with  sterile  Fahraeus  medium  and  examined 
by  phase  contrast  microscope.  Quantitative  assessment  of  bacterial 
adsorption  to  the  grass  root  hairs  was  performed  according  to  a 
modification  of  the  direct  microscope  assay  of  Dazzo  et  al.,  (1976). 
Bacterial  cells  in  firm  physical  contact  with  the  matured  host 
root  hair  walls  of  approximately  200pm  in  length  were  considered 
adsorbed  and  were  counted. 

Scanning  (SEM)  and  Transmission  (TEM)  Electron 

Microscopy 

Rinsed  inoculated  and  uninoculated  roots,  obtained  from 
adsorption  studies,  were  fixed  with  3%  gl utaral dehyde  in  0.05M 
cacodylate  buffer,  pH  7.0,  washed,  postfixed  with  1%  osmium 
tetroxide  and  dehydrated  in  an  alcohol  series.  Use  of  small  con- 
centration (10  increment)  changes  for  15  min  in  each  concentration 
prevented  collapse  of  root  hairs.  Roots  for  SEM  were  subjected 
to  critical  point  drying  (Bomar  Critical  Point  Dryer)  and  coated 
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with  200  - 300  A gold  in  a Film-Vac  Sputter  coater  and  examined  on 
an  ISI  Super  III  SEM  at  15  KV.  For  TEM,  seedlings  grown  for  1 - 4 
weeks  in  Fahraeus  assemblies  as  previously  described  were  harvested 
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and  rinsed.  Root  materials  were  fixed  and  dehydrated  as  above, 
passed  through  3 changes  of  dehydrated  acetone,  infiltrated  and 
embedded  in  Spurr's  plastic  (Spurr,  1969).  Ultrathin  sections  were 
post  stained  with  lead  citrate  (Reynolds,  1963)  and  examined  with 
a Hitachi  HU  HE  (75KV)  and  Philips  300  (80KV)  transmission 
electron  microscope. 

For  acidic  polysaccharide  staininq,  Pate  and  Ordal's 
(Pate  and  Ordal,  1967)  technique  was  used  while  for  embedding 5 
Luffs  technique  was  used  (Luft,  1961).  The  roots  were  prefixed 
in  a mixture  containing  a 0.6  ml  each  of  3.5%  glutaraldehyde, 

0.2  M cacodylate  buffer  and  ruthenium  red  stock  solution  (1.5  rng/ml) 
followed  by  a 10  minute  rinse  in  a 0.15  M cacodylate  buffer  and  fixed 
for  3 h in  a mixture  containing  0.5  ml  of  4%  osmium  tetroxide,  0.2  II 
cacodylate  buffer  and  ruthenium  red  stock  solution.  Dehydration, 
infiltration  and  embedding  were  the  same  as  described  previously 
for  TEM. 


Pectolytic  Activity  Assay 

Pectin  broth  was  prepared  by  dissolving  and  autoclaving 
3 grams  ot  purified  pectin  (Cooke  et  a!.,  1976)  in  200  ml  deionized 
water  (1.5  w/v)  and  combining  it  with  800  ml  of  the  mineral  medium 
described  by  Okon  et  al.  (1977).  The  medium  adjusted  to  pH  7.0 
was  inoculated  with  10  ml  of  inoculum  (109cells/ml ) from  a 48  h 
old  culture  of  A.  brasilense  Sp  7 in  Okon's  defined  mineral  medium 
( Okon  et  al.,  1977).  The  cells  were  grown  in  pectin  broth  for 
7 days  at  37  C,  centrifuged,  and  the  supernatant  subjected  to 
fractional  ammonium  sulfate  precipitation  (0-20,  20-40,  40-60, 
60-80,  80-95%  saturation).  The  precipitated  fractions  were 
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dialyzed  against  a 0.1M  citrate-phosphate  buffer  at  pH  5.2  at  4°C 
in  a Spectrapor  membrane  tubing  with  a molecular  cut  off  of  6,000  - 
8,000.  The  buffer  and  membrane  tubings  were  changed  several  times 
until  the  fractions  were  free  of  sulfate.  Aliquots  of  0.05  ml 
from  each  of  the  dialyzed  fractions  were  added  to  wells  on  pectin 
agar  plates  (Cooke  et  al.,  1976)  and  incubated  in  an  upright 
position  at  37°C  for  12  h.  Tests  for  pectolytic  activity  were 
performed  by  flooding  the  plates  with  either  iodide-potassium 
iodide  solution  (Dingle  et  al.,  1953)  or  1%  hexadecyl trimethyl 
ammonium  bromide  (Hankin  et  al.,  1971).  Zones  of  clearing  around 
the  wells  were  considered  presumptive  evidence  for  pectolytic 
activity  in  the  fractions.  The  bacterial  pellet  obtained  from  the 
same  culture  was  washed  3 times  with  5 ml  citrate-phosphate  buffer 
and  the  washings  were  individually  tested  for  pectolytic  activity 
by  the  same  procedure. 

Enzyme  Assays 

The  procedure  used  for  detection  of  pectin  lyase  was 
modified  from  that  of  Lisker  and  Retig  (1974)  and  Albersheim  (1966) 
A 0.9%  pectin  (Sigma  grade  I)  was  dissolved  in  0.1M  Tris-HCl  with 
0.002M  CaC^,  adjusted  to  pH  8.3,  and  8 serial  dilutions  were 
prepared.  A 0.5  ml  aliquot  from  each  of  the  crude  enzyme  fractions 

o 

was  added  to  2 ml  diluted  substrate  and  incubated  at  30  C.  Measure 
ment  of  degradation  products  at  230  nm  was  conducted  hourly. 

To  test  for  polygalacturonase  activity,  0.2  ml  of  boiled 
and  unboiled  dialyzed  95%  ammonium  sulfate  fraction  was  incubated 
with  1.8  ml  of  0.075%  polygalacturonic  acid  in  0.02M  citrate 
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buffer,  pH  4.8  at  30°C.  After  digestion  for  12  h,  the  products 
were  fractionated  by  gel  filtration  on  a column  (1.7  x 30  cm)  of 
P-2  polyacrylamide  gel  (Bio  Rad  Labs.,  Richmond,  Calif.),  equilib- 
rated with  citrate-phosphate  buffer,  pH  5.2.  Fractions  (200  drops/ 
tube)  eluting  from  the  column  were  assayed  for  total  carbohydrate 
by  the  phenol-sulfuric  acid  method  (Keleti  and  Lederer,  1974). 


RESULTS 


Growth  Studies 

Azospirillwn  brasilense  Sp  7 was  grown  in  TSB  ( a rich 
medium)  to  serve  as  a basis  for  comparison  for  the  growth  and 
morpholoq.y  of  the  bacteria  in  defined  media  ( e„  q.  -N  malate, 
pectin  broth)  and  in  the  presence  of  the  host  plant.  Any  morpho- 
logical changes,  therefore,  in  the  rich  medium  were  considered 
inherent  in  the  organism. 

A.  brasilense  Sp  7 exhibited  a normal  growth  curve  in 
TSB,  Okon's  medium  and  in  pectin  medium  (Figure  1).  Fastest 
growth  was  in  TSB.  Generation  time  in  TSB  was  6 h,  the  exponential 
phase  began  at  2 h and  ended  at  12  h. 

It  grew  well  in  -N  pectin  broth  and  -N  malate  in  still 
culture.  The  effect  of  shaking  with  air  on  growing  Azospirillion 
cells  in  a -N  medium  was  reported  by  Okon  et  al.  (1976a).  The 
growth  curve  of  A.  brasilense  Sp  7,  therefore,  was  determined  only 
in  pectin  medium  and  succinate  medium  fortified  with  1 g/1 
NH^Cl . The  growth  of  A.  brasilense  Sp  1 on  +N  pectin  medium  was 
typical  of  that  in  Okon's  medium. 

The  cells  grown  in  TSB  were  plump  rods  during  the  expo- 
nential phase  and  gradually  flattened  as  the  stationary  phase  began. 
Some  cells  were  attached  to  each  other  end  to  end  giving  the 
appearance  of  a long  spiral  as  described  by  Dazzo  and  Milam  (1976). 
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Figure  1.  Growth  curve  oi  Azo spirillum  brasilcnse 
in  trypticase  soy  broth  (iSB),  Okon's 
succinate  medium  and  in  pectin  broth 


OPTICAL  DENSITY 
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Flocculation  and  slime  production  were  noted  after  48  h in  TSB 
while  in  pectin  medium  this  was  not  seen  until  after  72  h„ 

In  both  media,  the  bacteria  appeared  as  small  rods  at 
early  exponential  phase  and  gradually  increased  in  size  from  mid 
exponential  until  stationary  phase.  It  was  noted  that  in  pectin 
medium  the  size  of  the  bacterial  cells  was  variable  at  12  - 48  h 
but  beyond  this  the  cells  became  uniform.  At  72  h and  later,  the 
cells  were  smaller  in  size  and  tended  to  be  more  rounded  than 
long.  Negatively  stained  48  h TSB  grown  cells  revealed  the  bacteria 
to  be  coated  by  a darkly  stained  material  presumably  polysaccharide. 
Aggregates  of  3 - 4 or  more  cells  enclosed  in  a common  slime 
coating  were  noted  (Figure  2a-b).  A.  brasilense  Sp  7 had  a single 
polar  flagellum  in  TSB  (Figure  2b).  Cells  grown  in  TSB  had  very 
dense  cytoplasm  with  only  very  few  electron  transparent  bodies, 
poly-B-hydroxybutyrate  (PHB)  (Figure  3a).  Cells  grown  in  nitrogen 
free  malate  had  numerous  PHB  and  polyphosphate  bodies . (Fiqure  3b). 

Electron  microscopic  examination  of  48  h old  cells  from 
+N  pectin  broth  revealed  dense  cytoplasm,  prominent  qranules  and 
occasional  polysaccharide  capsules.  Old  cultures,  as  well  as  cells 
grown  in  -N  pectin  broth  and  -N  malate,  store  PHB.  Figure  4 shows 
an  Azospirillum  cell  with  a thin  capsular  coat. 


Figure  2.  Forty  eight  hour  old  A.  bvasilense  Sp  7 grown 
in  TSB  and  negatively  stained  with  phospho- 
tungstic  acid  (PTA). 

a.  Four  cells  aggregated  in  a common  slime  matrix 

(X  47,500  ) 

b.  An  individual  cell  with  a single  polar  flagellum 

(X  18,900) 

Figure  3a.  TEM  photomicrograph  of  48  h cells  grown  in 
TSB  (X  14,400) 

Figure  3b.  TEM  photomicrograph  of  48  h old  cells 
grown  in  -N  malate  (X  31,050) 

Figure  4.  A 5-day  old  cell  grown  in  Okon's  mineral  medium 
with  pectin.  The  bacterium  has  a reticulated 
cytoplasm  (c)  with  prominent  polyphosphate 
body  (ph).  The  cell  wall  (arrows)  is  irregular 
with  thin  capsular  coat  (double  arrows). 

(X  15,600) 
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Host-Bacterium  Interaction 


Culture  Solution  and  Root  Morphology 

The  inoculated  plant  slide  cultures  became  turbid  a 
day  following  inoculation  and  remained  so  until  the  end  of  the 
experiment,  indicating  the  ability  of  the  bacteria  to  survive 
and  grow  in  the  grass  rhizosphere.  Roots  of  uninoculated  pearl 
millet  and  guinea  grass  produced  few  lateral  branches  and  root 
hairs.  In  contrast,  plants  inoculated  with  A.  brasilense  Sp  7 
produced  an  abundance  of  lateral  roots  (Figure  5a-b)  and  root 
hairs  (Figure  5c).  The  effect  of  inoculation  on  lateral  root 
and  root  hair  morphogenesis  was  suppressed  by  NO3"  (Figure  5a-b). 

Suppressed  elongation  of  the  main  root  axis  of  inocu- 
lated plants  was  obvious  at  2 days,  as  shown  by  the  closeness  of 
the  root  hair  region  to  the  meristematic  tip  (Figure  6)  in 
contrast  to  the  much  elongated  meristematic  tip  in  the  uninocu- 
lated controls  (Figure  10).  Three  weeks  to  1 month  old  inoculated 
plants  had  more  lateral  roots  than  the  uninoculated  controls 
(Figure  5a-b).  The  adventitious  roots  and  branches  of  the  main 
roots  were  mostly  forked  or  whorl -like  (Figure  5c),  as  compared 
to  less  branched  roots  of  the  control  (see  Figure  5a,  5b).  Different 
inoculum  levels  produced  different  morphological  effects.  The 
highest  inoculum  level  used  (10'  cells/20  ml  solution)  had  longer 
roots.  Roots  of  plants  grown  in  the  culture  supernatant  of 
Azospirillum  showed  the  same  pattern  of  shortened  lateral  roots. 

The  shoots  were  not  as  green  as  those  that  were  inoculated  with 


live  inoculum. 


Figure  5a.  Root  system  of  inoculated  and  uninoculated 
1 month  old  guinea  grass.  The  root  system  of 
inoculated  -N  plant  was  dense  and  much  branched. 
The  roots  of  the  inoculated  but  grown  in  +N  plant 
were  comparatively  long  but  less  branched  than 
those  grown  in  -N  culture  solution.  The  root 
system  of  uninoculated  plant  was  the  least  dense 
and  had  the  least  branching. 

Figure  5b.  Root  system  of  inoculated  and  uninoculated 
pearl  millet.  The  -N  inoculated  roots  have 
more  root  hairs  while  the  +N  inoculated  ones 
have  less. 
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Figure  5c.  A segment  of  a root  of  guinea  grass  inoculated 
and  grown  in  -N  culture  solution.  Note  whorl-like 
type  of  branching  and  very  profuse  root  hairs,  (x  750) 

Figure  6.  Suppressed  elongation  of  the  main  root  axis  of 
of  pearl  millet  2 days  following  inoculation  with 

A.  brasilense  Sp  7 (X  764) 


31 


32 


All  the  plants  were  stunted  under  the  growth  conditions 
described  in  the  Materials  and  Methods,  although  the  tops  of 
inoculated  plants  and  those  grown  in  the  presence  of  nitrogen 
remained  green  throughout  the  duration  of  the  experiment  except 
for  purple  coloration  at  the  base  of  the  leaf  sheaths  and  on  the 
leaf  blaoes.  Carbon  dioxide  may  have  posed  a limitation  on  the 
growth  of  the  plants  in  this  closed  system.  However,  the  dry 
weight  of  1 month  old  inoculated  plants  was  higher  than  the 
uninoculated  controls  and  comparable  to  those  plants  amended  with 
fixed  nitrogen  (Table  1).  Most  of  the  uninoculated  controls  died 
before  the  termination  of  the  experiment.  Gaskins  (pers.  comm.) 
found  that  dry  weight  increases  of  seedling  plants  increased  as  a 
result  of  inoculation  with  aeration,  but  not  comparable  to  those 
plants  grown  in  open  systems.  It  may  not  be  safe  to  extrapolate 
the  results  obtained  in  this  experiment  to  field  conditions. 

i he  inoculated  roots  of  both  +N  and  -N  arown  plants 
produced  abundant  mucigel  at  the  root  tip  (Figure  7-9)  which 
extended  beyond  the  root  hair  region  (Figure  8).  However,  the 
mucigel  in  the  presence  of  nitrogen  was  much  less  than  that  in 
the  roots  grown  in  the  absence  of  nitrogen.  The  mucigel  in  the 
root  tips  of  +N  grown  plants  was  removed  by  washing.  Numerous 
azospirilla  colonized  the  slime  on  the  root  cap,  slime  along  the 
root  axis,  and  on  the  matured  root  hairs.  Bacteria  adsorbed  in  the 
mucigel  formed  a boundary  in  the  mucigel  around  the  root  cap 
(Figure  7-9)  and  root  hair  region  (Figure  8).  Rinsing  with  sterile 
buffer  did  not  remove  the  bacteria  from  the  mucigel.  The  root  tips 


Table  1.  Growth  of  6 weeks  old  guinea  grass  inoculated  with  Azospirillum  brasilense  Sp  7 
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of  uninoculated  roots  produced  very  little  mucigel  and  were 
intact  (Figure  10),  whereas  those  of  inoculated  ones  had  more 
mucigel  and  the  root  cap  cells  were  loose  or  sloughed  (Figure  9). 

Examination  of  the  culture  solution  of  -N  plants 
revealed  bacterial  rosettes  and  numerous  azospirilla  attached 
to  the  sloughed  cells  suspended  in  the  culture  solution.  There 
was  random  but  prominent  bacterial  colonization  on  surfaces  of 
matured  root  hairs  and  epidermis.  Numerous  granules  of  about 
0.15  - 0.20  um  were  common  on  both  root  hair  and  bacterial  cell 
surfaces  (Figure  lla-c).  There  was  extensive  colonization  of 
epidermal  surfaces  where  mucigel  was  present  (Figure  12),  of 
sloughed  tissue  (Figure  13a-b),  and  in  void  spaces  created  by 
lateral  root  emergence  (Figure  14).  Very  few  bacteria  adhered 
to  the  young  undifferentiated  epidermal  surfaces  (Figure  13a). 

Adsorption  Studies 

The  age  of  inoculum  had  a very  pronounced  effect  on  the 
adsorption  of  azospirilla  to  the  root  hair  during  a 12  h period. 
The  48  h culture  adsorbed  most  while  the  11  day  old  culture  was 
the  least  adsorbed.  Adsorption  occurred  in  the  order  of  12  h < 

48  h > 72  h - 5 days  - 11  days.  When  interaction  was  allowed  for 
a longer  period,  the  effect  of  age  on  adsorption  became  insig- 
ni ficant. 

Supplementing  the  medium  with  either  NH4+  or  N03" 

(5  -15  mM)  suppressed  adsorption  of  bacteria  to  root  hairs  (Figure 
15,  Table  2)  but  not  to  the  epidermis  (Figure  16). 


Figure  7.  Dark  field  photomicrograph  of  pearl  millet 
root  tip  inoculated  v/ith  A.  brasilense  Sp  1 
Note  mucigel  (M)  layer  and  azospirilla  (arrows) 
embedded  in  it.  (X  150  ) 

Fiqure  8 Mucigel  (M)  at  maturation  region  of  the  pearl 
millet  root.  Azosoirilla  are  apparent  in  the 
mucigel . (X  1 80  ) 

Figure  9.  Phase  contrast  photomicrograph  of  root  tip 
of  pearl  millet  showing  boundary  (arrows) 
formed  by  bacteria  on  mucigel  (M).  Sloughed 
root  cap  cells  (rc)  are  embedded  in  the  mucigel. 
(X  1,200) 

Figure  10.  Dark  field  photomicrograph  of  root  tip  of 
uninoculated  root  of  pearl  millet.  Root 
cap  (arrows)  is  intact  with  practical ly  no 
mucigel . (X  1 35) 
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Table  2.  Effect  of  combined  nitrogen  ( 5 mM  KN03)  on  adsorption 
of  A.  brasilense  Sp  7 to  root  hairs  of  pearl  millet 
cv.  Gahi  3 


Root  Hairs 
Counted 

Adsorbed  Cells  (x  + S.  D. ) 

+N  -N 

80  3.15  + 0.6  35.0  + 10.5 


40  root  hairs,  each  200  ym  in  length  were  examined  for  each 
treatment 


Figure  11a.  SEM  photomicrograph  of  A.  brasilense  Sp  7 
adsorbed  to  matured  root  hairs  of  pearl 
millet  grown  in  -N  medium.  (X  4,285) 

Figure  lib.  Higher  magnification  photograph  of  similar 
root  hair  shown  in  Figure  11a.  Aggregation  of 
bacterial  cells  and  presence  of  granules 
(arrows)  on  both  root  hair  and  bacterial  surface 
are  obvious . (X  8,500  ) 

Figure  11c.  Higher  magnification  of  two  of  the  bacteria 
on  the  root  hair  surface  showing  granules 
common  to  both.  (X  15,000) 

Figure  12.  SEM  photograph  of  A.  brasilense  Sp  7 cells 
adsorbed  to  the  epidermal  cells  with  mucigel 
of  Dear!  millet  root  grown  in  -N  medium. 

(X  1,181 ) 
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Figure  13a.  SEM  photomicrograph  of  A.  bvasilense  Sp  7 
adsorbed  to  sloughed  cells  (sc)  created 
by  emerged  lateral  root  (lr)  of  pearl 
millet.  Mote  the  absence  of  azospirilla 
on  the  surface  of  the  young  lateral 
root.  Marked  area  shows  numerous  cells 
on  sloughed  off  tissue.  (X  333) 

Figure  13b.  Higher  magnification  of  marked  area 

in  Figure  13a.  The  azospirilla  (3)  are 
associated  with  the  mucigel  on  the  root 
surface. ( 2,666) 
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Figure  14.  SEM  photomicrograph  of  colonization  of  pearl 
millet  by  A.  brasilense  Sp  7 in  areas  close 
to  void  space  (arrows)  created  by  emerging 
lateral  root.  (X  5,357) 
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Figure  15.  Reduced  adherence  of  bacteria  to  pearl  millet 
root  hairs  (RH)  grown  in  +N  Fahraeus  medium. 
Note  the  smooth  surface  of  the  root  hairs. 

(X  3,200) 

Figure  16.  Adherence  of  azospirilla  to  epidermal  cells 
of  pearl  millet  roots  grown  in  +N  Fahraeus 
medium.  As  in  Figure  12,  the  azospirilla  are 
adsorbed  to  the  root  surface  just  as  well. 

(X  1,625) 
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Binding  Specificity 

Forty  eight-hour  old  azospirilla  bound  rapidly  to  root 
surfaces.  Table  3 shows  the  trend  in  binding  of  the  different 
bacterial  species  to  pearl  millet  when  incubated  for  10  - 30  min 
in  -N  Fahraeus  medium. 

All  three  of  the  A.  brasilense  strains  tested  adsorbed 
strongly  to  pearl  millet  root  hairs.  R.  trifolii  0403  and 
P.  fluorescens  adsorbed  to  root  hairs  but  less  firmly  than 
A.  brasilense . A.  vinelandii  UW10,  E.  aoli  and  K.  pneumoniae 
did  not  adsorb  to  the  root  hair  surface. 

Preincubation  of  A.  brasilense  cells  in  pearl  millet 
root  exudate  promoted  their  firm  adherence  to  the  root  hair  surface 
(Figure  17,  18,  19;  Table  4).  This  root  exudate  factor  was  inac- 
tivated by  protease  and  was  non-dialyzable.  Bacteria  which  had 
been  preincubated  in  root  exudate  previously  dialyzed  against 
20%  polyethylene  glycol  showed  greatest  adsorption  to  pearl  millet 
root  surfaces.  Bacteria  that  had  been  preincubated  in  protease- 
treated  root  exudate  showed  very  little  tendency  to  adsorb  to  the 
roots.  Clumping  made  it  hard  to  quantitate  observations,  hence 
adsorption  was  rated  on  a 1 - 5 scale.  Azospirilla  did  not  bind 
root  hairs  of  pearl  millet  which  had  been  placed  in  steam  bath  for 
an  hour. 


Transmission  Electron  Microscopy 
Electron  dense  granules  approximately  0.20  pm  in  diameter 
were  evident  in  the  granular  matrix  of  the  mucigel  on  the  root  sur- 
face (Figure  20a),  in  contrast  to  the  almost  smooth  root  hair 
surface  of  the  uninoculated  root  (Figure  20b). 
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Table  3.  Adsorption  of  bacteria  to  pearl  millet  seedlinq  root 
ha  i rs 


Bacteria 


1/ 

Root  Hairs  Adsorbed  Cells 

Counted  x + S.  D. 


Azo spirillum  bvasilense  Sp  1 3t 

A.  bvasilense  Sp  7 

A.  bvasilense  Sp  JM125A2 

Pseudomonas  fluovesoens 

Rhizobium  tvifolii  0403 

Azotobaotev 

vinelandii  Ill'll 0 

Klebsiella  pneumoniae 

Eschevichia  coli 


16 

23.7  + 2.4 

18 

33.0  ± 4.0 

19 

32.5  + 2.9 

15 

11.4+1.3 

19 

14.4  + 2.0 

15 

0.6  ± 0.3 

18 

0.3  + 0.2 

16 

0.06  + 0.06 

1/  Kean  of  2 replicates 


Figure  17.  Phase  contrast  photomicrograph  of  pearl  millet 
root  hair  inoculated  with  preincubated  A. 
brasilense  Sp  7 in  root  exudate.  Some 
bacteria  are  attached  end  to  end  (arrows). 

RH  - root  hair;  B - azospirilla 
( X 1,400) 

Figure  18.  SEM  photomicrograph  of  similar  root  hair 
as  in  Figure  17.  The  undifferentiated 
epidermal  cells  are  not  as  affected 
as  the  root  hair.  ( X 1,200) 


Figure  19, 


SEM  photomicrograph  of  pearl  millet 

root  hairs  (RH)  with  adsorbed  bacteria, 
Some  root  hairs  (background)  appeared 
lysed.  ( X 1,120) 
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Table  4.  Effect  of  pearl  millet  root  exudate  on  adherence  of 
A.  brasilense  Sp  7 to  pearl  millet  root  hairs  ( 1 h 
i ncubation) 


Root  Exudate 

Specific  Activity 
(ug  protein/ml) 

Rati ng 

Dialyzed 

10.5 

4 

111  tracentri  fuged 

17.5 

4 

Unconcentrated 

13.5 

2 

Dialyzed  against 

polyethylene  glycol 

56.0 

5 

Fahraeus  medium  (-N) 

- 

1 

Incubated  with  protease 

27.5 

1 

5 is  most  adsorbed;  1 is  least  adsorbed 


Figure  20a.  TEM  photomicrograph  of  x-section  of  a root  hair 
from  an  inoculated  root  grown  in  nitrogen-free 
medium.  Dark  granules  (arrows)  are  on  the  surface 
of  the  root  hair.  (X  10,514). 

Figure  20b.  TEM  photomicrograph  of  x-section  of  a root  hair 
from  an  uninoculated  root  of  guinea  grass  grown  in 
ni trogen-free  medium.  The  dark  granules  seen  in 
Figure  20a  are  absent.  (XI 7 ,265 ) 
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Groups  of  2 - 4 bacterial  cells  were  enclosed  in  a slime 
envelope,  the  electron  density  of  which  was  close  to  that  of  the 
root  cell  wall  (Figure  21,  22).  Random  microcolonies  were  asso- 
ciated with  the  mucigel  on  the  root  surfaces  (Figure  23),  with 
thin  areas  in  the  epidermal  walls  and  near  areas  where  epidermal 
cells  were  beginning  to  slough  (Figure  24).  Examination  of  similar 
materials  stained  with  ruthenium  red  showed  bacteria  embedded  in 
a heavy  mucigel  on  the  surface  of  the  host  cell  wall.  Fibrillar 
materials  were  common  in  the  slime  of  the  root  cell  wall  and  the 
thin  bacterial  capsule  (Figure  25, 34-a-b).  The  epidermal  layer  of 
matured  uninoculated  roots  appeared  as  discrete,  intact,  undulating 
surfaces,  and  lacked  thinned  walls  or  evidence  of  sloughing  (Figure 
26). 

Examination  of  1 , 2,  3,  and  4 weeks  old  inoculated  roots 
revealed  that  infection  does  not  occur  at  the  meri stematic  region 
but  does  occur  in  older  regions  of  the  root.  There  was  progressive 
sloughing  of  epidermal  cells  in  older  tissues.  Bacteria  entered 
spaces  between  sloughed  epidermal  layer  and  cortex  (Figure  27)  and 
concurrently,  invaded  the  exposed  middle  lamellar  regions  of  under- 
lying tissue  (Figure  28a-b).  Azospirilla  also  gained  entrance 
through  lysed  root  hairs  (Figure  29)  and  void  spaces  created  by 
lateral  root  emergence  (Figure  30). 

Zones  of  hydrolysis  in  the  middle  lamella  of  invaded 
tissues  were  prominent  and  these  zones  appear  to  follow  the  contour 
of  the  bacterial  cell  wall  (Figure  28b). 

The  plasmalemma  drew  away  from  the  wall  of  cells  which 
were  in  close  contact  with  the  bacteria  (Figure  24).  Loss  of  cell 


Figure  21.  Root  cell  wall  of  pearl  millet  (cw)  has  staining 
property  as  that  of  the  envelope  that  enclosed 
the  rhizosphere  bacteria  (B)  in  Figure  22. 

( X 30,534) 

Figure  22.  Two  or  several  azospirilla  are  enclosed  in 
a common  envelope.  Mote  some  of  the 
azospirilla  that  are  enclosed  as  compared 
with  the  other  bacteria  that  are  free. 

( X 16,509) 

Both  stained  with  DAB  and  were  not  post  stained. 
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Figure  23. 

Dark  field  photomicrograph  of  pearl  millet 

root  showing  microcolonies  (arrows)  associated 
with  mucigel  on  the  root  surface  and  root  hair 
RH  - root  hair;  ra  - root  axis 
( X 141  ) 

Figure  24. 

Thinning  of  epidermal  walls  (arrows)  of  guinea 
grass  root  associated  with  microcolonies 
of  A.  brasilense  Sp  7.  (X  5,636) 

Figure  25. 

Fibrillar  materials  are  in  contact  with  the 
bacteria  in  the  surface  of  the  root  cell  wall 
(cw)  of  pearl  millet.  Note  dark  granules 
(arrows)  common  to  the  cell  wall  and  the 
bacteria.  ( X 6,272) 

Stained  with  ruthenium  red. 

Figure  26.  A x-section  from  a matured  root  of  a 1 month 

old  uninoculated  guinea  grass.  The  epidermal 
layer  (arrows)  is  compact  and  undulating. 

( X 5,293  ) 


Figure  27.  TEM  photomicrograph  of  a serial  thin  section 
of  a guinea  grass  root  from  above  the  root 
hair  region.  Bacteria  enter  through  void 
space  (arrows)  between  the  sloughed  epidermal 
layer  (E)  and  cortex  (C).  ( X 3,600) 
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Figure  28a.  Serial  thin  section  in  which  the  root  is  sectioned 
and  the  bacteria  are  shown  outside  and  inside  the 
middle  lamella  of  the  cortical  cells  after  the 
epidermal  layer  has  sloughed.  Note  the  darkly 
stained  cytoplasmic  components  in  the  vacuole 
(V).  The  specimen  was  3 days  old  following 
inoculation.  ( X 6,400) 


Figure  28b.  A higher  magnification  of  similar  thin  section 
showing  the  bacteria  in  the  middle  lamella 
of  the  cortical  cells,  v indicates  vesicles 
in  the  middle  lamella.  ( X 32,941) 


The  plant  host  is  guinea  grass. 
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Figure  29. 

TEH  photomicrograph  of  a lysed  root  hair  of 
guinea  grass  showing  entry  of  azospirilla. 
( X 3,381  ) 

Figure  30. 

A thin  section  from  a section  above  the  root 
hair  region  of  guinea  grass  root  showing 
azospirilla  in  the  void  space  created  by 
emerging  lateral  root  primordium  (p).  Vesicles 
and  mitochondria  are  seen  in  the  cytoplasm  of 
cells  adjacent  to  the  infection  site.  (X  8,662) 

Fi gure  31 . 

Serial  thin  section  of  guinea  grass  root  showing 
middle  lamella  of  cortex  with  invading 
azospirilla.  There  is  apparent  division  of 
one  bacterium  (B).  Note  polysomes  (arrows) 
and  vesicles  (v).  ( X 18,666) 
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wall  integrity  (Figure  34a-b),  accumulation  of  degraded  cytoplasmic 
components  (Figure  28a),  and  presence  of  fibrillar  materials  near 
regions  colonized  by  the  bacteria  (Figure  34a-b,  25),  were  early 
manifestations  of  the  host  response  to  the  organism.  However, 
after  a week,  very  few  cells  showed  degradation  of  the  cytoplasmic 
components,  although  some  dark  staining  bodies  could  still  be  seen 
in  the  cytoplasm. 

Examination  of  roots  from  older  cultures  showed  progres- 
sive infection  of  middle  lamellae  of  inner  cortical  tissues 
(Figure  32)  and  apparent  division  in  the  middle  lamellae  of  this 
tissue  (Figure  31).  The  bacteria  had  very  dense  cytoplasm  and  lacked 
stored  PHB  but  the  bacteria  were  not  observed  inside  the  livinq 
cells.  Fibrillar  materials  were  not  observed  around  the  bacterial 
cells  in  the  middle  lamella  of  the  roots  from  older  cultures. 

The  host  responses  to  invasion  were  shown  by  vesiculation  in  the 
middle  lamellae  (Fiqure  28a)  and  in  the  cytoplasm  (Figure  30,  31, 

32),  and  production  of  conspicuous  endoplasmic  reticula,  polysomes 
and  Golgi  apparatus.  TEM  examination  of  similar  root  segments 
from  the  uninoculated  plants  grown  in  -N  medium  did  not  exhibit  such 
characteristics  of  the  cytoplasm.  The  only  instance  where  A. 
brasilense  Sp  7 cells  were  observed  inside  the  host  cells  was  when 
the  latter  were  moribund. (Figure  34a).  Some  bacteria  that  were  ex- 
terior to  but  in  contact  with  the  cell  wall  of  the  host  had  thin 
capsular  coat  (Figure  34a-b).  The  absence  of  encapsulated  bacteria 
inside  the  host  cells  may  be  due  to  inability  of  ruthenium  red  to 
penetrate  deeper  in  the  tissue  of  the  host.  The  bacteria  that  were 
completely  covered  with  middle  lamellar  material  appeared  to  have 


Figure  32.  Spread  of  infection  of  A.  brasilense  Sp  7 in  the 
middle  lamella  of  cortical  tissue  of  guinea 
grass  root.  The  middle  lamella  (ML)  is  eroded. 
There  are  numerous  polysomes  (arrows),  mitochon- 
dria (m)  with  compact  cristae,  and  vesicles  (v). 
( X 34,285) 
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Figure  33a.  TEM  photomicrograph  of  cortical  cells  from 
similar  root  segment  as  in  figure  32  from  an 
uninoculated  guinea  grass  grown  in  nitrogen-free 
medium  (X  4,694) 

Figure  33b.  TEM  photomicrograph  of  cortical  cells  from 
similar  root  segment  as  in  Figures  32  and  33a 
from  an  uninoculated  guinea  grass  grown  in  the 
presence  of  nitrogen.  (X  5,526) 
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Figure  34a.  Azospirilla  on  and  inside  pearl  millet  root  cells. 
The  azospirilla  (marked  area)  on  the  outer  region 
of  the  host  cell  wall  are  encapsulated.  The  cyto- 
plasm is  moribund.  (X  14,400) 

Figure  34b.  A high  magnification  of  the  marked  area  in 
Figure  34a.  The  arrows  point  to  the  capsule. 

(X  85,105) 
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Figure  35.  Azospirilla  with  thickened  walls  enveloped 

with  middle  lamellar  components  of  pearl  millet 
cortical  cell.  Stained  with  ruthenium  red. 

(X  19,800) 
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thicker  walls  than  those  outside  the  host  cells.  A.  bvasilens a 
Sp  7 was  reisolated  from  similar  root  materials  used  in  SEM  and 
TEM  studies  by  use  of  Dobereiner  and  Day's  technique  (Dobereiner 
and  Day,  1974). 


Pectolytic  Enzyme  Activity 

The  middle  lamella  consists  largely  of  pectic  material 
(Esau,  1977;  Northcote  and  Pickett-Heaps , 1966;  Hall  et  a!.,  1976). 
Hydrolysis  of  the  middle  lamellae  of  colonized  roots  suggested 
digestion  of  pectin  components  by  the  invading  bacteria  (Guchert 
et  al.,  1975).  The  hydrolyzed  areas  observed  in  the  middle  lamellae 
of  colonized  host  cells  in  this  study  may  be  evidence  of  digestion 
of  pectin  components.  It  was  not  known  whether  this  was  caused  by 
the  pectic  enzymes  of  the  bacteria  or  by  the  induction  of  enzymes 
of  the  host  by  the  presence  of  the  bacteria. 

Dobereiner's  mineral  medium  (Dobereiner,  1974)  with 
pectin  as  carbon  source  was  not  highly  satisfactory  for  growth  of 
A.  brasilense  Sp  7 because  the  pH  declined  as  the  cells  grew, 
and  the  lowered  pH  suppressed  further  growth.  Growth  was  better 
in  the  mineral  medium  described  by  Okon  et  al.  (1977)  which  contains 
much  higher  phosphate  levels  and  thus  is  more  strongly  buffered 
(Figure  1)«  The  importance  of  a high  phosphate  level  in  the  media 
used  in  pectolytic  enzyme  assay  was  emphasized  by  Hankin  et  al. 
(1977). 

Variable  pectolytic  activity  was  detected  on  pectin 
agar  plates  seeded  with  live  inoculum.  Presumptive  pectolytic 
activity  was  detected  as  zones  of  hydrolysis  on  pectin  agar  plates 
surrounding  wells  which  contained  (NH4)2S04  precipitated  fractions 
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from  culture  filtrates  of  A.  brasilense  Sp  7 (Figure  36). 

Activity  was  not  detected  if  pectin  was  deleted  from  the  broth 
culture.  The  hydrolytic  activity  exhibited  by  the  fractions  in 
the  plate  assay  suggested  that  more  than  one  enzyme  may  be 
present  in  the  culture  filtrate.  Zones  of  hydrolysis  also  developed 
around  wells  containing  washings  from  the  pelleted  cells  grown 
on  pectin  broth. 

Pectin  lyase  was  detected  in  very  small  amount  in  the 
different  fractions  (Figure  37a).  Fraction  5 (specific  activity 
of  32.5  yg/ml ) was  used  in  the  assay  for  polygalacturonase  activity 
(Figure  37b).  Gel  filtration  chromatography  of  polygalacturonic 
acid  digestion  products  showed  that  oligosaccharides  of  various 
molecular  weights  were  generated  from  incubation  of  substrate 
with  this  fraction.  The  degradative  activity  present  in  the 
fractions  was  destroyed  by  boiling. 


Figure  36.  Clearing  of  areas  around  wells  on  pectin  agar 
plate  suggesting  a presumptive  pectolytic 
activity  of  the  different  fractions  obtained 
from  the  culture  filtrate  through  NH^SC^ 
precipitation.  C - citrate-phosphate  buffer; 

E - commercial  enzyme  pectinase  ( 1 mg/ml); 
numbers  1 - 5 are  fractions  from  the  culture 
filtrate:  1 - 0-20%,  2 - 20  - 40%,  3 - 40  - 60%, 

4 - 60  - 30%,  and  5 - 80  - 95%  [184)0504  saturation. 
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Figure  27a.  Pectin  lyase  activity  of  bacterial  washing 
(B3)  and  the  fifth  fraction  (F5)  from  the 
culture  filtrate. 

Figure  37b.  The  elution  profile  of  the  degradation 
product  of  the  polygalacturonic  acid 
by  Fg.  Dotted  line  is  boiled  fraction, 
solid  line  is  unboiled  enzyme  fraction. 


PECTIN  LYASE 


DISCUSSION  AND  SUMMARY 


Growth  Studies 

A.  brasilense  Sp  7 exhibited  a normal  growth  curve  in 
TSB.  The  irregular  pattern  of  the  growth  curve  in  pectin  broth 
might  have  been  due  to  the  effect  of  added  NH4CI , the  exhaustion 
of  which  may  have  limited  cell  division  prior  to  synthesis  of 
nitrogenase.  The  resumption  of  growth  may  be  derived  from  fixed 
N2 . 

Negatively  stained  48  h TSB  grown  cells  revealed  the 
bacteria  to  be  coated  by  a darkly  stained  polysaccharide.  The 
aggregates  of  3 or  more  cells  enclosed  in  a common  coating  perhaps 
constitute  the  floes  seen  under  the  light  microscope. 

Azospirilla  formed  rosettes  at  24  - 48  h in  pectin  broth. 
There  were  also  cells  that  were  aligned  end  to  end  similar  to  the 
48  h old  cells  in  TSB  and  those  reported  by  Dazzo  and  Milam  (1976). 

Chain  and  rosette  formation  observed  in  the  pectin  and  TSB  grown 

% 

cells  were  also  typical  characteristics  of  cells  grown  in  the 
presence  of  the  plant  host  in  Fahraeus  assemblies. 

Cells  grown  in  TSB  had  very  dense  cytoplasm  with  only 
very  few  electron  transparent  bodies  (PHB).  Cells  grown  in  -N 
malate  had  numerous  PHB  and  polyphosphate  bodies.  Okon  et  al. 
(1976b)  found  that  levels  of  PHB  and  B-hydroxybutyrate  dehydro- 
genase in  Azospivillwn  were  elevated  in  cells  grown  in  N2  com- 
pared with  ammonium  grown  cells.  The  occurrence  of  PHB  in 
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Azotobacter  vinelandii  (jrown  in  -N  medium  had  been  reported  by 
Page  and  Sadoff  (1975).  Pectin  grown  cells  stored  PHB  and  had 
prominent  polyphosphate  bodies,  usually  at  the  center  of  the  cell. 
The  prominence  of  polyphosphate  granules  stored  by  pectin  grown 
cells  might  be  caused  by  high  rates  of  phosphate  assimilation. 

The  dense  cytoplasm  of  cells  in  pectin  broth  was  similar  to  that 
in  cells  observed  in  the  middle  lamellae  of  host  root  cells. 

Host-Bacterium  Interaction 

The  inoculated  solution  in  the  Fahraeus  assembly  became 
turbid  and  remained  so  until  the  end  of  the  experiment.  The 
turbidity  of  the  solution  indicated  the  ability  of  the  bacteria 
to  survive  and  grow  in  the  grass  rhizosphere.  The  young  roots  of 
inoculated  plants  appeared  slimy  and  produced  root  hairs  profusely. 
Light  microscopic  examination  of  24  h inoculated  roots  revealed 
bacteria  attached  on  various  parts  of  the  root  system.  Two  weeks 
after  inoculation  the  lateral  roots  were  shorter  and  larger  in 
diameter  in  inoculated  cultures  than  in  uninoculated  controls. 
Forked  or  whorl  type  branching  of  inoculated  roots  were  common. 

The  roots  of  all  the  inoculated  plants  were  well  developed  and  the 
shoots  remained  green  comparable  to  those  grown  in  +N  controls 
except  for  purple  coloration  at  the  base  of  the  leaf  sheaths.  The 
appearance  of  purple  color  on  the  leaves  was  characteri stic  of 
nitrogen  deficient  sorghum  plants  as  described  by  Doak  and  Miller 
(1968).  The  fact  that  -N  inoculated  plants  were  comparatively 
as  green  as  the  +N  controls  suggested  that  the  bacteria  were  able 
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to  fix  nitrogen  but  this  was  not  sufficient  to  maintain  the  growth 
of  host  plants  for  a long  period  of  time.  Carbon  dioxide  and  insuf- 
ficient mineral  supply  may  have  provided  limitations  for  the  growth 
of  both  plants  and  microorganisms. 

Gaskins  et  al . (1977)  and  Tien  et  al.  (1978)  found  detect- 
able amount  of  IAA,  gibberellin  and  cytokini n-1 i ke  substance  from 
the  pure  culture  supernatant.  Carbon  compounds  such  as  sugars  and 
amino  acids  are  exuded  from  the  roots  of  plants  (Rovira,  1969) 
and  are  utilized  by  the  organisms.  Plants  can  take  up  indoles,  and 
auxin  can  initiate  a lateral  root  stimulation  (Scott  et  al . , 1972). 
Since  auxin,  cytokini n and  gibberellins  are  synthesized  by  Azospi- 
rillum  in  pure  culture  (Gaskins  et  la.,  1977;  Tien  et  al.,  1978), 
there  is  a possibility  that  these  substances  are  also  synthesized 
in  the  grass  rhizosphere.  The  formation  of  short  branched  roots 
by  grasses  treated  with  high  levels  of  Azospivillum  inoculum  is 
typical  of  the  hormone  effect  described  by  Slankis  (1973)  in  ecto- 
mycorrhizal  roots.  The  production  of  more  lateral  roots  and  more 
persistent  and  profuse  root  hairs  by  inoculated  plants  is  evidence 
of  stimulation  by  auxin  as  described  by  Scott  et  al . (1977).  The 
interaction  of  hormones  produced  by  Azospivillum  has  not  been 
thoroughly  studied  although  characteristic  root  morphogenesis  has 
been  induced  in  axenic  culture  using  different  combinations  of 
hormones  (Tien  et  al . , 1978).  Both  the  hormone  effect  and  the 
fixation  ability  of  Azospirillum  will  require  further  investigation 
before  the  beneficial  effects  of  inoculation  can  be  understood. 
However,  the  increased  dry  weight  of  inoculated  plants  over  the 
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uninoculated  controls  and  the  turbidity  of  the  solution  through- 
out the  duration  of  the  experiment  suggests  that  both  plant  and 
bacteria  benefited  from  the  association. 

Roots  of  the  inoculated  plants  produced  more  mucigel 
and  formed  more  lateral  branches  and  more  root  hairs  than  those 
of  uninoculated  controls.  The  phenomenon  of  enhanced  mucigel 
production  by  roots  when  in  association  with  the  bacteria  has 
been  reported  in  a legume  (Dart  and  Mercer,  1964),  in  wheat 
(Rovira  and  Campbell,  1974),  and  in  several  plant  species  grown 
in  field  and  garden  soil  (Greaves  and  Darbyshire,  1972).  Exam- 
ination of  inoculated  roots  showed  mucigel  to  be  most  abundant 
at  the  root  tip,  especially  at  the  root  cap  and  the  maturation 
region  and  root  hairs.  Matured  undifferentiated  epidermal  cells 
have  some  amount  of  mucigel  but  surfaces  of  older  tissues  are 
devoid  of  it.  Cortical  cells  adjacent  to  the  infected  sites 
appeared  to  have  more  numerous  Golgi  bodies,  rough  endoplasmic 
reticula  and  vesicles  indicating  high  biosynthetic  activity. 

Similar  tissues  from  the  uninoculated  roots  appeared  to  have  few 
of  these  organelles.  The  apparent  presence  of  more  organelles 
in  inoculated  roots  may  be  due  to  the  fixed  nitrogen  by  the  bacteria. 

The  Golgi  apparatus-mediated  secretion  of  polysaccharide 
by  outer  root  cap  cells  of  lea  mays  has  been  well  documented  by 
the  studies  of  Morre1  and  Mollenhauer  (1967),  Juniper  and  Roberts (1 966) 
and  Northcote  and  Pickett-Heaps  (1966).  The  relative  contribution 
of  plant  and  bacteria  to  mucigel  production  in  inoculated  plant 
cultures  is  not  known.  Nevertheless,  the  possibility  of  comple- 
mentary slime  production  by  both  bacteria  and  host  should  not 
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be  overlooked  since  slimy  material  settles  at  the  bottom  of  the 
flask  when  the  bacteria  were  grown  in  pure  culture  and  this 
material  stained  positively  with  polysaccharide  stains,  phospho- 
tungstic  acid  and  ruthenium  red.  It  would  seem  worthwhile  to 
follow  the  production  of  mucigel  or  exudation  of  carbon  compounds 
such  as  sugars  and  amino  acids  with  labelled  compounds  fed  to  the 
leaves  of  the  host  plant. 

The  presence  of  numerous  clumps  of  bacteria  in  the  mucigel 
may  be  significant  to  the  economy  of  the  grass-bacteria  association. 
The  mucigel  may  mediate  ion  exchange  between  the  immediate  soil 
environment  and  the  root  surface  of  the  plant  or  the  microorganism 
(Greaves  and  Darbyshire,  1972;  Jenny  and  Grossenbacher , 1963).  The 
mucigel  seems  to  provide  a protective  niche  for  rapid  bacterial 
multiplication,  perhaps  by  accumulating  root  exudate  or  by  prevent- 
ing subsequent  colonization  by  other  organisms.  The  mucigel  may 
promote  nitrogen  fixation  by  protecting  the  enzyme  nitrogenase 
by  limiting  O2  diffusion. 

Bacteria  outside  the  host  cells  and  in  close  contact  with 
the  plant  cell  walls  and/or  mucigel  showed  irregular  cell  coat 
indicating  differential  synthesis  or  breakdown  of  extracellular 
material.  Fibrillar  materials  and  small  electron  dense  granules 
on  the  area  where  the  bacteria  and  host  cell  wall  were  associated 
might  be  a part  of  a recognition  or  binding  site.  The  electron 
dense  granules  may  be  aggregation  of  proteins  since  these  granules 
were  not  seen  when  the  material  was  not  post  stained  with  lead 
citrate  or  uranyl  acetate.  The  fibrillar  structure  have  been 
reported  in  the  Rhizobiwn- legume  (Napoli  et  al.,  1976)  and  in 
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broad  bean-saprophytic  bacterium  interaction  (Sing  and  Schroth, 

1977).  The  absence  of  fibrillar  material  around  the  bacterial 
cells  when  the  bacteria  were  in  the  middle  lamella  or  inside  the 
host  cells  and  their  ability  to  divide  in  the  middle  lamella  has 
a resemblance  to  the  Rhizobium-c'\over  system  in  the  sense  that 
the  bacteroids  do  not  have  the  characteristic  fibrillar  structure 
present  around  the  infecting  rhizobia.  The  absence  of  this 
material  around  the  azospirilla  seen  in  the  middle  lamella  of  the 
crass  host  may  also  be  due  to  the  poor  penetration  of  ruthenium 
red.  However,  the  fibrillar  structure  shown  in  Napoli's  photo- 
micrograph of  the  infecting  rhizobia  (Napoli  et  al.,  1975)  were 
demonstrated  in  materials  that  were  not  stained  with  ruthenium  red. 

It  is  expected  that  if,  similar  structures  were  present  around  cells 
inside  the  middle  lamella  of  the  qrass  host,  could  also  be  demons- 
trated with  post  staininq  with  lead  citrate  and  uranyl  acetate., 

Muciqel  is  produced  by  plants  qrown  in  the  +N  and  -N 
culture.  However,  bacteria  were  adsorbed  to  the  mucigel  at  the 
root  cap  and  epidermis  in  root  grown  in  +N  but  not  to  the  root  hairs. 
The  mechanism  of  control  is  not  yet  understood.  The  same  pheno- 
menon of  reduced  adherence  of  R.  trifolii  to  clover  root  hairs 
grown  in  +N  was  also  reported  by  Dazzo  and  Brill  (1978)  in  the 
Rhizobium- clover  symbiosis.  Reduction  in  selective  adherence  of 
rhizobia  to  clover  root  hairs  was  concurrent  with  the  decrease  in 
the  immunologically  detectable  levels  of  the  recognition  lectin, 
trifoliin. 

The  roots  of  grasses  used  in  the  adsorption  studies 
displayed  selectivity  in  their  binding  of  bacteria  to  certain 
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regions  of  the  root.  Cells  were  firmly  adsorbed  to  root  hairs  of 
plants  grown  in  the  absence  of  nitrogen.  However,  bacteria  were 
associated  only  with  the  mucigel  at  the  root  cap  and  epidermis  above 
the  root  hair  region  in  roots  grown  in  the  presence  of  nitrogen  and 
were  not  adsorbed  to  root  hairs.  The  root  hairs  also  displayed 
selectivity  in  their  binding  of  certain  kinds  fo  bacteria.  It  is 
interesting  to  note  that  R.  tvifolii  and  P.  fluoresce?is  adhered  to 
pearl  millet  roots  since  these  bacteria  share  certain  immunological 
(Dazzo  and  Milam,  1976)  and  biochemical  (Tarrand  et  ale,  1977) 
characterise cs  with  Azosvirilhm.  The  mechanism  of  adherence,  and 
hence  the  reason  for  these  differences  in  bindinq  is  unknown. 

TEM  studies  revealed  random  microcolonies  on  areas  where 
mucigel  was  present  and  where  root  cell  walls  were  thin.  There  was 
invasion  of  the  middle  lamella  in  areas  where  the  mucigel  was  slight 
or  absent  and  where  the  epidermis  was  sloughed.  Bacterial  coloni- 
zation of  epidermal  cells  that  had  no  mucigel  was  noted  by  Old  and 
Nicholson  (1975)  in  field  grown  sand  dune  grasses.  The  thinning  of 
cell  walls  associated  with  microcolonies  suggests  hydrolytic  enzyme 
in  those  areas.  Absence  of  mucigel  on  surfaces  where  there  was 
invasion  of  epidermal  tissues  and  underlying  cortical  tissues  could 
be  explained  as  follows:  The  plant  tissues  in  those  regions  may 

already  be  very  old,  and  therefore  have  lost  the  capacity  to  produce 
slime.  It  is  also  possible  that  the  mucigel  in  those  areas  may  have 
been  degraded  by  the  organisms,  as  suggested  by  the  transparent  zones 
surrounding  the  cells  in  the  middle  lamella  and  the  mucigel  layer 
that  follow  the  contour  of  the  bacteria.  In  field  grown  sand  dune 
grasses  the  bacteria  were  inside  the  root  tissues  in  areas  where  the 
mucigel  was  not  present  (Old  and  Nicholson,  1975).  The  invasion  of 
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older  parts  of  the  root  and  not  the  very  young  tissues  (e.  g.  meris- 
tematic  tissue)  at  the  root  tip  seems  reasonable  for  the  microor- 
ganisms if  exudation  sites  are  considered.  Studies  using  Re- 
labelled assimilate  have  shown  that  diffusable  exudate  is  released 
along  the  full  length  of  the  root  while  non-diffusable  carbon  com- 
pounds come  from  the  root  tip  region  (Rovira,  1969).  The  production 
of  soluble  exudates  in  the  root  cortex  and  the  outward  diffusion 
through  intercel  1 ular  spaces  would  make  the  niches  between  the 
epidermal  cells  (Tinker  and  Sanders,  1975)  and  middle  lamellae  of 
the  cortical  tissues  favorable  nutritionally  for  bacterial  growth. 

Analysis  of  the  composition  of  the  muciqel  of  maize  has 
been  reported  by  Northcote  and  Pickett-Heaps  (1966)  and  of  wheat  by 
Dayan  et  al.  (1977).  In  maize,  fucose  was  the  only  sugar  not  present 
in  the  mucigel  of  plants  studied.  Labelling  this  particular  sugar 
paved  the  way  to  a better  understanding  of  the  synthesis  of  poly- 
saccharide in  the  roots  of  maize.  An  understanding  of  the  effect 
of  root  exudate  composition  may  help  understand  the  apparent  spe- 
cificity of  infection  of  grasses  by  Azo spirillum.  Sugars  and  amino 
acids  in  the  root  exudate  may  offer  a selective  advantage  for 
certain  microorganisms. 

As  seen  in  the  TEfl  micrographs,  the  staining  reaction  to 
ruthenium  red  by  mucigel  on  the  outer  cell  wall  of  the  plant  cell 
and  by  those  of  the  interlamellar  materials  suggests  that  pectic 
components  were  common  to  both  parts  of  the  host  cell.  The  presence 
of  transparent  areas  in  the  mucigel  and  in  the  middle  lamellae  where 
the  bacteria  are  present  suggest  hydrolysis  of  the  component 
material.  The  presence  of  numerous  bacteria  in  the  mucigel 
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mucigel  suggests  that  this  substance  may  be  of  considerable 
influence  on  the  rhizoplane  population  (Brams,  1969). 

Age  of  inoculum  affected  the  rapidity  with  which  azospi- 
rilla adhered  to  the  root  hair  surface  only  under  the  short  term 
incubation  ( e.  g.  1 h - 12  h).  Forty  eight  hour  old  cultures 
adsorbed  more  to  the  root  hairs  than  did  the  12  h old  cultures. 
Napoli  (pers.  comm.)  observed  that  48  h cultures  of  rhizobia  were 
more  infective  than  younger  cultures.  Similar  trends  in  attachment 
studies  of  R.  tvifolii  0403  to  clover  root  hairs  has  been  demons- 
trated by  Dazzo  et  al . (1976).  The  phenomenon  was  believed  to  be 
a result  of  transient  adherence  of  polysaccharide  on  the  Rhizobium 
cell  surface.  Detected  polysaccharide  has  been  shown  to  undergo 
immunological  changes  as  the  cells  enter  stationary  phase.  These 
chemical  changes  were  considered  to  reflect  increased  adherence 
of  rhizobia  to  the  root  hair  surface. 

The  entry  of  bacteria  through  lysed  root  hairs  and  void 
spaces  created  by  sloughed  epithelial  cells  and  branching  roots  has 
been  reported  by  Umali -Garcia  et  al . (1978).  The  bacteria  remained 
intercellular  in  plant  root  tissue,  but  could  enter  the  root  cells 
when  the  cytoplasm  became  moribund.  Bacteria  were  not  seen  in  the 
xylem  of  roots  grown  undisturbed  in  Fahraeus  assemblies,  but  were 
seen  in  xylem  of  roots  that  were  severed  or  injured  and  dipped 
in  inoculum  for  5 minutes.  Other  workers,  (Lakshmi  et  al.,  1977; 
Patriquin  et  al . , 1978)  have  reported  Azospirillum  in  the 
xylem  vessels  of  maize  and  sugar  cane  roots  grown  in  solid  medium 
(e.  g.  sand-soil  mixture).  The  invasion  of  xylem  vessels  of  grass 
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roots  may  be  a consequence  of  mechanical  injury,  since  the  obser- 
vations were  made  on  roots  grown  in  and  removed  from  solid  medium 
prior  to  inoculation.  Invasion  of  inner  tissues  of  the  roots  is 
very  likely  to  occur  in  the  field  as  has  been  described  by  Old 
and  Nicholson  (1975)  and  Foster  and  Rovira  (1973). 

The  host  cells  near  infected  areas  underwent  cytoplasmic 
changes.  The  appearance  of  numerous  endoplasmic  reticula,  free 
ribosomes,  mitochondria  with  compact  cristae,  increase  in  the 
number  of  dictyosomes  arid  accumulation  of  vesicles  close  to  the 
cell  wall  after  1 month  interaction  of  the  bacteria  and  host 
plant  suggest  rapid  biosynthetic  activity  and  rapid  turnover  of 
synthesized  materials.  Dictyosomes  are  thought  to  be  involved 
in  formation  of  the  cell  wall  (McCoy,  1932;  Mollenhauer  and  Morre', 
1966;  Northcote  and  Pickett-Heaps , 1966).  The  formation  of 
vesicles  may  have  arisen  from  the  demand  for  increased  cell  wall 
formation  due  to  infection  (Tu,  1976). 

Pectin  lyase  and  endopolygalacturonase  have  been  detected 
in  cultures  of  A.  brasilense  Sp  7.  Pectolytic  enzyme  involvement 
in  plant  infection  by  pathogenic  microorganisms  has  been  well 
documented  ( Basham  and  Bateman,  1975;  Bateman  and  Millar,  1966; 
Fisher  et  al . , 1973;  Albersheim  et  al . , 1969;  Mussel!  and  Strand, 
1976).  The  presence  of  these  pectin  hydrolyzing  enzymes  may  explain 
the  loosening  of  microfibrils  of  the  host  cell  wall  and  consequent 
decrease  in  stainability  of  areas  associated  with  azospirilla. 

Ill trastructural  evidence  for  digestion  of  mucigel  by  bacteria  was 
reported  by  Guchert  et  al . (1975).  The  effect  of  pectic  enzymes 
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on  solubilization  of  proteins  bound  to  plant  cell  walls  has  been 
reported  by  Lund  and  Mapson  (1971),  Stephen  and  Wood  (1974),  and 
Strand  and  Mussell  (1975).  Peroxidase  activity  was  reported  to  be 
associated  with  the  proteins  released  from  cell  walls  by  poly- 
galacturonase (Strand  et  al.,  1976).  The  thick  and  predominantly 
dark  root  cell  wall  of  inoculated  plants  reacted  with  3,  3-diami no- 
benzidine (DAB),  a substance  for  peroxidase,  suggest  peroxidase 
activity  ( Umali-Garcia  et  al . , 1976,  Unpub.).  The  presence  of 
peroxidase  on  the  walls  of  inoculated  plants  may  be  an  effect  of 
the  enzyme  released  by  endopolygalacturonase  produced  by  the 
bacteri a . 

Thinning  of  epidermal  cell  walls  associated  with  azospi- 
rilla suggests  that  pectolytic  enzymes  produced  by  the  bacteria 
are  active  in  the  early  invasion  process.  If  related  to  infection 
and  subsequent  invasion,  a rapid  increase  in  enzymatic  activity 
during  the  early  phase  of  infection  would  be  expected.  The  demons- 
tration of  this  activity  in  the  solution  of  plant  culures  would  be 
worth  attempting.  Identifying  of  the  different  enzyme  species 
involved  and  determining  which  type  predominates  at  specific  phases 
of  the  infection  process  would  contribute  to  the  understanding  of 
the  establishment  of  the  association. 

Light  microscopic  examination  of  older  cells  of  Cynodon 
dactylon  isolates  by  Eskew  et  al . (1977)  were  reported  to  produce  cell 
clusters  which  he  interpreted  as  "cyst-like"  in  -N  medium  when  the 
bacteria  were  in  the  stationary  phase.  Zoogl oeia-1 i ke  clusters 
of  cells  were  also  formed  by  Beijerinckia  fliminensis  (Dobereiner 
and  Ruschel , 1958).  Dobereiner  (1974)  believed  that  these  might 
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have  a role  in  protecting  the  cells  from  oxygen.  Negatively  stained 
azospirilla  in  stationary  phase  revealed  3 or  more  cells  sharing 
a common  slime  coat.  It  should  be  interesting  to  follow  up  the 
occurrence  of  these  structures  in  different  culture  media  to  relate 
their  role  to  survival  of  azospirilla  in  the  field  and  laboratory. 
Azotobaotev  has  been  shown  to  produce  cyst  in  old  cultures,  and  the 
cyst  were  related  to  better  survival  in  the  field  (Brown  et  al . , 1964). 

Most  field  inoculation  with  azospirilla  used  suspension 
of  washed  bacteria  in  the  late  exponential  phase.  Old  inoculum 
showing  low  metabolic  activity  has  not  been  used.  The  use  of  11 
day  old  culture  has  been  tried  in  glass  assemblies  and  showed  pro- 
mise of  good  survival  (Umal i-Garcia  et  al . , 1976,  Unpub.).  The 
role  of  the  age  of  inoculum  on  survival  of  azospirilla  in  the  field 
needs  consideration. 

Perforations  on  the  walls  of  exposed  cell  lamellae  as 
reported  by  Old  and  Nicholson  (1975)  were  not  observed  in  this 
study.  Distorted  and  collapsed  epidermal  cells  extensively  colo- 
nized by  bacteria  as  described  by  Foster  and  Rovira  (1973),  were 
obvious  in  root  tissues  examined.  Perforations  in  field  grown 
plant  roots  may  result  from  the  presence  of  vesicular-arbuscular 
endophyte  that  Old  and  Nicholson  (1975)  have  noted.  It  may  also 
result  from  entry  of  other  soil  organisms  such  as  nematodes.  These 
perforations  were  not  seen  in  the  scanning  electron  micrographs 
of  inoculated  pearl  millet  grown  in  axenic  cultures. 

The  presence  of  azospirilla  in  the  middle  lamella  of  the 
cortical  tissues  and  in  the  mucigel  suggests  an  intimate  association. 
The  presence  of  active  cytoplasm  of  the  host  and  existence  of  divid- 
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dividing  cells  in  the  host  tissues  further  suggests  compatibility 
of  the  association. 

The  experiments  reported  here  show  that  Azospirillum 
brasilense  under  axenic  conditions  is  invasive  on  grass  roots 
and  that  there  is  intimate  but  limited  colonization  of  the  middle 
lamella  within  the  root  cortex  of  the  young  roots.  Limited 
internal  colonization  of  the  root  is  confined  to  the  middle 
lamellar  region,  and  may  limit  the  agronomic  exploitation  of  this 
^-fixing  association. 
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